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ABSTRACT 


The body of information in this paper is directed to engineers 
who are involved in the environmental aspects of northern development. 


Fog, cloud, and precipitation caused by the petrochemical 
area of Edmonton, Alberta, were studied during the coldest days of two 
winters. Typical morning temperatures were between -25 and -40°C. The 
investigation included a comprehensive heat and vapor emission in- 
ventory, field studies of local and microscale cloud physics, and 
observations of cloud dispersal and precipitation formation. Results 
were compared with studies of residential Edmonton, oil sands plants, 
and power parks. 


Emphasis was placed on the cloud microphysics of snow which 
falls from cooling tower plumes. Since this-snow was nucleated by 
drift droplets its development was different than that of natural 
snowfall. Measured snowfall rates were found to be small compared 
with those reported during warmer weather when cooling tower emissions 
may trigger impending natural snowfall. 
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Introduction 


The development of of] sands extraction plants in Northern 
Alberta has resulted in preliminary studies!»? of their ability to 
produce large amounts of fog and cloud during very cold weather: Be- 
cause of the remoteness of the oil] sands area, studies of the Strathcona 
County petrochemical complex on the City of Edmonton's eastern boundary 
were undertaken instead. This industrial complex is the farthest north, 
for its size, in the western world. The results of this study were 
expected to be quite different from studies of ice fog in northern 
communities?» or snowfall from power parks®,® in the United States. 


The Emission Inventory 


A survey of the fifteen largest plants determined typical heat 
and water vapor emissions on the coldest days of the winter of 1977- 
1978. The survey included a mass and heat inventory of both process 
water and cooling towers. Heat and water vapor from fuel consumption 
were also surveyed. 


Table | gives the results of the survey and Figure 1 shows 
the location and total vapor emission of each plant. The industries 
lie on a plain which rises about 10 m/km towards the southeast. The 
river valley averages 1 km across and 25 m deep. Although the survey: 
did not specifically request point emissions, enough data were avail- 
able along with subsequent field observations, to divide the emissions 
into low, middle and high levels. Low-level emissions are those which 
are likely to be involved in plant-site fog. Middle-level emissions 
rise to around 50 to 100 m and add to the general heat island and 
humidity of the area. High level emissions from cooling towers and 
large stacks tend to form clouds on cold days. 


For comparison purposes, Table | includes vapor and sensible 
heat emissions for the City of Edmonton (population =500,000) based on 
ice fog studies’ and for the oil sands extraction plants in Northern 
Alberta based on environmental studies! and emission inventories.® It 
is apparent in Table | that the total fuel consumption rates of the 
industrial area, Edmonton, and two oi] sands plants are comparable 
(3557, 6400, and 3144 MW, respectively) as are the total water vapor 
emissions (599, 258 and 465 kgs !, respectively). It is also apparent 
‘that the dominance of low-level emissions from the city should favor 
fag formation while the oi] industries should create both fog and cloud 
during very cold weather. The question marks under middle level 
emissions from the city arise from the hypothesis that the depth of 
low temperature urban fog is of the order of the height of the build- 
ings. Therefore, in the downtown area some emissions would be middle 
level. 


Table I! gives water vapor and sensible heat emissions from 
the major cooling towers in the industrial area. Their total heat load 
is about 1.2 GW, enough power for 100,000 Canadians to endure a very 
cold day. Under light wind conditions the center lines of the plumes 
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Table |. Emissions from Strathcona industrial area, as reported in survey. 
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Water vapor, kgs } 


PLANT NAME and Fuel ; 
and (sensible heat, MW) consumption 

(product) Lowa Middle® High® Total MW 
ALCAN FS] 2 9 12 70 
(coke) (20) (25) (15) (60) 
BUILDING PRODUCTS 2 -= -- 2 17 
(building paper) (11) =< ae (11) 
CIL h h 1] 19 98 
(polyethylene resin) (18) (18) (21) (57) 
CELANESE> 20 30 100 150 800 
(petrochemicals) (120) (80) (200) (400) 
EDMONTON POWER 106 0.2 2 148 1000 
(electricity) (265) — (40) (100) (405) 
FIBERGLAS 0.1 ] 15 16 50 
(insulations) (1) (2) (10) (13) 
GULF OIL h 7 55 66 408 
(refinery) (92) (47) (124) (263) 
IMPERIAL OIL 9 16 111 136 860 
(refinery) (160) (88) (313) (561) 
KRUPP, G.W.S. 0.1 oe ate 0.) 2 
(structural steel) weal 2) -- ~= (2) bs 
PROCOR 0.2 -- -= 0.2 6 
(railway car repair) (6) -- -- (6) 
STELCO . 3.5 6.5 Se 10 hy] 
(steel products) (8) (13) - (21) 
TEXACO OIL | 3 6 29 38 190 
(refinery) (26) (13) (68) (107) 
TURBO OIL 0.3 -- -- 0.3 3 
(re-refinery) (3) -- -~ (3) 
UNION CARBIDE? 0.5 —— -— 0.5 5 
(gases) (3) oe x (3) 
UNTEROYAL 0.3 0.5 -- 0.8 
(chemicals) — (3) (1) -- (4) 
TOTALS 154 73 372 599 3557 

(738) (327) (851) (1916) . 

EDMONTON CITY 258 2. -- 258 6400 
(at -35°C) (6400) ? -- (6400) 
Two OIL SANDS PLANTS 137 216 112 h65 3144 
(at -35 C) (492) (1342) (349) (2184) 
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Table II. Emissions’ from the large cooling towers. 


Water vapor, kgs } 


and 
PLANT NAME (sensible heat, MW) 
CIL YW 
(20) 
CELANESE 75 
(120) 
GULF OIL 50 
(80) 
IMPERIAL OIL 110 
(225) 
TEXACO OIL a 25 
ce (50) ‘ 
TOTALS | 27) 
(495) 


ee SS 


“Estimates applicable to cold days 
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were found to rise to about 150 m for the smaller cooling towers and to 
above 300 m for the larger ones. 


There follow a few remarks about the contents of Figure 1 
and Tables | and Il. The plant names are short forms. The plant 
positions in Figure | are imperfect for the smaller firms. Careful 
design of the survey avoided problems associated with the release of 
proprietory information. Of the fifteen surveys delivered, thirteen 
were completed in detail. Most of the responses included careful 
estimation of cold weather influences. The two companies that did 
not complete the survey gave estimates over the telephone. The water 
vapor emission data are not available from government agencies but 
total fuel consumption information is. Evaporation from the river was 
included in the case of Edmonton Power. It is the only industry using 
the river as a heat sink. Over two-thirds of the low level vapor 
emissions in the industrial area come from this valley level process. 
Although Edmonton Power's rate of natural gas consumption corresponds 
to 1 GW, it exports about 0.35 GW of electrical power out of the area. 


Field Observations 
Appropriate Days 


Observations were made on nineteen cold, clear winter morn- 
ings during the winters of 1977-78 and 1978-79. On several days the 
observations continued overnight and into the following afternoon 
while on other days, not included in the nineteen above, quick trips 
were made through the industrial area. During busy times in the 
university term, observations were limited to mornings when the 
temperature was below -25°C or the winds were unusually light. The 
field trips generally took four hours to drive fifty miles around 
the industries. 


Visual Observations 


Fog extent, visibility and plume rise, length and thickness 
were all estimated by visual techniques and documented by color photo- 
graphy. Automatic 35 mm cameras were found to be adequate and 
‘appropriate since setting a camera manually is a miserable task at 
‘these temperatures. The cameras were kept warm in the car and brought 
out only for periods of about a minute. 


Precipitation Rates 


Snow from industrial plumes was collected in 0.65 m2 card- 
board trays which were set out at several locations downwind of the 
major cooling towers. Upon returning to the trays the snow was removed 
and placed in bottles and allowed to melt for later weighing. Most 
tray exposure times were about two hours but shorter exposures were 
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made when heavy showers were encountered. Some overnight exposures 
were also made. A total of 38 tray samples were taken on twelve days 
and the precipitation rate was calculated in millimeters of liquid 
water equivalent per hour. 


Precipitation Microphysics 


Snow crystals on a car's roof were inspected for details down 
to 50 um by placing a film inspection lens over top of them. Particle 
size (habit) and details of the structure were noted. 


In order to study the snow microphysics down to 5 um, glass 
slides were dipped into a pre-cooled 1% solution of Formvar plastic 
in 1,2-dichloroethane and the snow crystals were allowed to fall on to 
the slides for 60 seconds. When the solution is allowed to evaporate 
at field temperatures it leaves precise plastic replicas of. the ice 
crystals, which could subsequently be counted, classified and photo- 
graphed at room temperatures. The special techniques needed to make 
Formvar replicas are described by Schaefer,” Strong,!9 and Mason?! 
(pages 242 and 243). Replicas were made on ten days and thirty-six 
were thoroughly analyzed to determine how the snow was being formed 
in the industrial plumes. Some replicas of natural snow were also 
made for comparison. 


Weather Data Sources © 


Hourly meteorological observations are available from Edmonton 
Municipal Airport, Namao Military Airport and Edmonton International 
Airport which are about 10 km WNW, 15 km NNW, and 25 km SSW of the 
industrial area, respectively. They were used to compare temperatures, 
precipitation, and cloud amounts in the city and country to conditions 
observed in the industrial area. These data helped to confirm that 
purely industrial phenomena were under observation. 


Winds and temperatures at one hundred meters altitude were 
available from the CBC tower which is located on the eastern edge of 


the industrial area. Temperatures were also recorded at the base of 
the tower. | 


On most mid-mornings minisonde soundings giving winds and 
temperatures aloft were taken by Alberta Environment at a location 


15 km SW of the industries. They were compared to the CBC: tower winds 
and temperatures. 


Another check on the vertical wind and temperature profiles 


came from radiosonde observations taken at 0500 and 1700 LST at Stony 
Plain, about 50 km to the west. 


Temperature data provided by Celanese and wind data from 
Gulf Oi] were also used. 
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A troublesome aspect of the observations is that humidity 
measurements are not only inaccurate at these temperatures, they vary 
considerably between airports: due to urban and local influences. 


Results of the Field Study 
Weather Observed in Sap Intervals 


Table I1! is a summary of typical weather in the industrial 
area for 5 C intervals ranging from -15°C to -40°C. No attempt is made 
to cover all of the temperature, windspeed and wind direction possi- 
bilities because there are only 19 mornings of observations. It should 
be noted again that the data in Table I11! are summaries of observa- 
tions taken when the sky was clear in the countryside. 


Column 1 gives the five temperature ranges and the number 
of days found to be suitable for observations in each temperature range. 


Column 2 gives the percent of observation days on which ice 
crystals (IC) were observed to be falling throughout the industrial 
area and on which ice fog (IF) was widespread. Observations of ice 
crystals are made by looking towards the sun to see twinkling (scin- 
tillation). They are an indicator of air saturated with respect to 
ice. Ice fog indicates that the air near the surface is saturated 
over most of the area. Apparently general saturation of the area does 
not usually occur on clear mornings at temperatures above -25°C. Local 
fogs were seen to occur at temperatures above -25 C but observations 
indicate that the industrial heat emissions were usually adequate to 
cause breezes which ventilate the area and prevent saturation. At 
temperatures below -30 C ice crystals and ice fog were general. 


Column 3 gives the mean and minimum visibilities encountered. 
At temperatures above -25 C, visibility in most of the industrial area 
was not restricted and the lowest local visibilities were encountered 
on two days when industrial snow showers occurred. Between -30 C and 
-35-C, visibilities were always restricted to an average of 4 km. 
December 9, 1977, the single morning with temperatures below -35 C was 
one of the coldest in years. On that date temperatures were below -35 C 
to several hundred meters in altitude and the cloud water at all levels 
froze into droplet crystals (called droxtals) of about 10 um in size. 
This massive cloud, with its top at about 300 m, spread northward for 
several kilometers. It was photographed extensively from a tall build- 
ing downtown where it could be seen above the local ice fog. No snow 
fell from the cloud. The droxtals appeared to settle out at their 
theoretical fall speed of 10 m/h._ A survey of 10 years of radiosonde 
data indicated that days with -35 C or colder aloft occur only once 
every three years in Edmonton but they average three times per year at 
Fort Smith in northern Alberta. Cloud physicists generally agree that 
between -32 and -35 C a cloud will quickly turn to ice. Therefore, 
one can expect many more occurrences of this phenomenon as industry 
moves northward. 
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Table Ill. Weather at industrial area on cold clear mornings arranged 
according to surface temperatures.a 


#1 #2 #3 #4 #5 #6 : 
Temp. % days Visibility, Wind at Plume Median Snowfall 

“ie with 1c? mean, km 100 m, length, (Max. Snowfall) 
(# days) (with ica) (local, km) ms} km 102° mm 7 hr 
-15 to 25 >10 6 25) 9 
-20 (0.0) (0.1 in snow) (129) 

(4) 6 samples on 1 day 
-20 to 20 10 5 Zia 6 
-25 (0.0) (0.3 in snow) (38) 

(5) 12 samples on 4 days 
-25 to 71 5 LH 2.4 8 
-30 (86) (1) (110) 

(7) 19 samples on 6 days 
-30 to 100 4 h oh see 12 
—35 (100) (0.5) (12) 

(2) 1 sample on 1 day 
3 CO 100 1 LA >10 NA 
-ho (100) | (0.05) (NA) 

(1) at ‘No samples 


a 


a 
All values are observed means, unless noted 
b e e e oe e 
Ice crystals; indicates air aloft near ice saturation 
C we je ; 2 . 
. Ice fog; indicates surface air near ice saturation 


cee text for explanation; sampling not done on all days 


. 
a 
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Column 4 indicates a tendency for lower 100 m wind speeds at 
lower temperatures. This should probably be interpreted as a tendency 
towards less night-time cooling with higher wind speeds. 


Column 5 indicates that there is little tendency towards 
longer plumes from the largest cooling towers as surface temperatures 
range from -15 C down to -35-C but there is apparently a big increase 
as the droxtal phenomenon sets in. — 


Column 6 gives basic results of the 38 tray samples of snow. 
The median snowfall rate of about 10 x 10 ° mm/h of equivalent liquid 
water is not large and it,does not increase strongly as temperatures 
fall from -15 to -35 C. It is of the same order as the mean upward 
emission rate of 70 x 10°° mm/h ! from the industrial area (taken as 
30 km2), and is comparable to drizzle measurements downwind of natural 
draft cooling towers. 


The maximum snowfall] rate encountered occurred on an essent- 
ially calm day, March 1, 1978. On that date, the 100 m wind speed 
averaged less than 1 m/s for over four hours while the temperature 
remained just above -20°C. Heavy snowfalls with visibilities down to 
100 m and slippery roads in patches of 200 m were occasionally en- 
countered at around 500 m from the cooling towers. On that morning 
industrial clouds were so extensive that from some vantage points a 
weather observer would have declared the sky to be overcast in low 
cloud even though the countryside was cloud-free. On the other hand, 
the second heaviest showfal] was encountered nearly 4 km from its’ © 
source, Gulf Oi1's cooling towers, on January 31, 1978 when temperatures 
were -27 C and the winds were averaging 4 ms! from the northwest. 

It is believed that the air had picked up substantial moisture over 

the city on this date before it entered the industrial area. In summary, 
these snowfalls fell from cooling tower plumes on days when the atmos- 
phere was cold and not inclined to form convective clouds. Therefore, 
the snowfalls are not of the type where impending showers are triggered 
by cooling tower plumes as reported by Koenig.! 


Although the snowfalls from Edmonton's cooling towers were 
never more than 1 cm deep, they often thoroughly whitened the ground 
with fragile, low density flakes. These flakes were not always formed 
in the air since light breezes were seen to cause agglomeration of ice 
crystals on roadways. These fluffy flakes were often blown from the 

_ roadways by the wakes of passing vehicles leaving the pavement bare. 


Microphysics of Industrial Snow 
Background and Analysis Techniques 


Thirty-six Formvar replicas from ten days were photographed 
and the prints were enlarged to an X25 magnification. In all, 1413 snow 
particles were analysed according to type, extent of cloud droplet 
riming, extent of drift drop riming, location of drift drops, and over- 
all particle composition. 
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Particle typing was done according to. the World Meteorological 
Organization scheme, as described by Mason, ~ with some Mod ee 
based on the more detailed classification of Magono and Lee. Particle 
types which grow by vapor deposition are either hexagonal] plates, 
stellar crystals, columns, needles, spatial dendrites (not six-sided), 
capped columns or irregular particles. Aggregates of several crystals 
are called flakes. Snow particles that grow by the riming of super- 
cooled cloud droplets are called snow pellets (also graupel). Frozen 
drizzle or frozen cooling tower drift drops are classified as ice 
pellets. Particles smaller than 250 um are classified as germ particles. 
They are abundant at low temperatures but were found to contribute little 
to the total mass of precipitation. Five size categories between 250 yum 
and 8 mm were used; each with its maximum size double its minimum size. 


The degree to which each particle had grown by riming was 
compared to its crystalline growth by vapor deposition. Generally 
speaking, the conditions favoring growth of a snow pellet as opposed 
to crystal growth are either a large cloud water content or a drift 
drop embryo because it can collect cloud droplets efficiently. If ice. 
crystals predominate they have a tendency to aggregate into snow flakes 
which are also good rimers. However, flakes are usually formed in 
regions of the plume with relatively low water content. 


; O 
Although cloud droplets are readily cooled to -30 C before 

they freeze, drops larger than 100 um have a rapidly increasing segs 

oeaee : & ‘ de Ys 
bility of freezing as their temperature falls from -20 to -25 C.°"» 
Summaries of cloud parameters required to grow a drift-sized drop by 
the coalescence of cloud droplets indicate that cooling tower plumes 
do not have the required parameters.!1,5!6 Therefore, the large frozen 


drops found in cooling tower plumes are surely of drift origin. 


Summary of the Observed Snow Particles 


Figure 2 illustrates some of the growth possibilities of a 
precipitation particle in a cooling tower plume. It shows the embryo 
of the ice particle to be a frozen drift drop which becomes the center 
of a competition between its riming to a snow pellet and its growth 
to a six-sided crystal. In the figure, crystalline growth appears to 
have prevailed. As growth of the six-sided plate begins, the particle's 
fallspeed would be reduced as would be its ability to collect rime. 
Riming of plates is summarized in Pruppacher and Klett!® where they show 
that when the plate has grown to a few hundred microns, the particle 
would regain its ability to rime along its edges and particularly at the 
corners as seen in Figure 2. If the cloud-water content of the plume is 


high enough, heavy riming can lead to a large snow pellet forming around 
the crystal. 


Table IV shows the size distribution of the 1413 snow particles 
and 1342 drift droplets investigated. The median size of snow particles 
is between 250 and 500 um and that of drift drops is between 125 and 
250 um. The mass-weighted median diameter of snow is in the 1 to 2 mm 


(1) Frozen drift drop acts as 
embryo(100 um) 


(2) Cloud droplets frozen on drop 
(20 um) 


(3) Thin hexagonal plate grows 
by vapor deposition (500 um) 


(4) Later preferred riming of cloud 
droplets at edge and corners 
of crystal 


Figure 2 
Typical growth modes of precipitation particle in a cooling 
tower plume at -25°C 
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Table IV. Size Distributions of Snow Particles and Drift Particles 


’ % Snow 
Snow Drift with Drift 
Category Distribution Distribution Embryo 
0 - 125 um 16 27 
125 - 250 um 29 54 | 26 
250 - 500 um 27 14 
500 - 1000 um 21 p) 
1 - 2 mm 6 0.3 47 
2 - A mm } 0.1 
kh - 8 mm 023 ? 0.0 
Total % 100 100 


Investigated 1413 1342 453 
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range while that for drift is in the 0.5 to 1 mm range because a few 
large drift droplets were encountered. Excluding the large drift drop- 
lets, the drift size distribution compares favorably with that reported 
by other authors.'7!8 Although most of the 1342 drift droplets were 
rimed onto a snow particle, 453 acted as the center for snow particle 
growth. It was sometimes impossible to determine whether a snow part- 
icle had a drift embryo. Nevertheless, at least 26% of snow particles 
smaller than 500 um and 47% of those larger positively originated as 

a frozen drift particle. An investigation not summarized in Table IV 
revealed that of the 422 particles larger than 500 um, 161 were single 


crystals of which only 25% originated as drift. This implies that large 


crystals tend to grow from other than drift embryos. It is tempting 
to discuss other details of the snow particle study. However, this 


report can be adequately summarized by stating that in all probability, 


more than one-half of the snow particles originated as cooling tower 
drift drops. 


For comparative purposes, several Formvar replicas of natural 
snow particles were made on days with temperatures typical of the 
industrial field observations. None of the natural snow particles 
revealed drift size drops (greater than 50 um) in their center or rimed 
onto their edges. 


Summary 


The Strathcona industrial area is a suitable place from which 
to investigate the potential for the formation of fog, cloud, and snow 
by industries at more northerly locations. If latent heat is included, 
the area's total power loss to the atmosphere is more than 3 GW, a 
figure which is of the order of that of the city of Edmonton or exist- 
ing industrial complexes. 


Fog does not usually restrict visibility throughout the 
Strathcona industrial area at temperatures above -25 C. Below that 
temperature, clear morning visibilities are restricted throughout the 
area on most days with visibilities reduced locally to a few hundred 
meters. Observations indicate that the thermal breezes caused by the 
larger_plants prevent thick fog throughout the area until temperatures 
of -35 C are reached, whereupon deep ice fog sets in with visibilities 
dropping locally to 50 m. 


Cooling tower plumes are usually about 2 km long at tempera- 
tures above -35 C but at lower temperatures the plumes become very per- 
sistent as an ice fog phenomenon sets in. On days with very calm winds 
and moderately low temperatures the. plumes can become wide-spread to 
the extent where, from certain vantage points, the sky appears to be 
overcast. 


Precipitation rates from the large plumes are typically 102 


15 


mm/h of water equivalent which is not enough to cover roadways. However, 


snowfalls of more than 0.1 mm/h were encountered and they did whiten 


roadways and make driving hazardous when the visibility fell below 100 m. 
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The heaviest snowfalls occurred within 1 km of the source ona day with 
very calm wind conditions and temperatures of -18 C. Surprisingly, 
heavy snowfalls were also encountered at a distance of nearly 4 km on 
mornings with average winds and -27 C temperatures. 


Formvar plastic replicas were found to be a convenient way 
to document the microphysics of the snow particles. They reveal the 
size distributions of the snow particles and the drift drops as wel] 
as the shape and degree of riming of the particles. The replicas 
indicate that snowfall from cooling towers is highly dependent on drift 
droplets under the conditions studied. 


Future Work 


Work is continuing on an air column trajectory model which 
might predict the formation of fog and a plume dispersal model which 
would give cloud water distributions for a snow particle growth model. 


Future field work should include portable temperature and 
humidity measurements. They are expected to reveal rather sharp varia- 
tions in space and time. 
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